Data collected in the low-level atmospheric boundary layer in five hurricanes by the National Oceanographic and Atmospheric Administration (NOAA) research aircraft are analyzed to measure turbulence with scales smaller enough to retrieve the rate of dissipation. A total of 49 flux runs suitable for analysis are identified in the atmospheric boundary layer within 200 m above the sea surface. Momentum fluxes are directly determined using the eddy correlation method, and drag coefficients are also calculated. The dissipative heating is estimated using two different methods, one by integrating the rate of dissipation in the surface layer, and the other by multiplying the drag coefficient by the cubic of surface wind speed. While the latter method has been widely used in theoretical models as well as several numerical models simulating hurricanes, our analyses show that using this method would significantly overestimate the magnitude of dissipative heating. Although the data set used in this study are limited by the surface wind speed range < 30 m s -1 , this work highlights that it is crucial to understand the physical processes related to dissipative heating in the hurricane boundary layer while implementing it into hurricane models.
ABSTRACT
Data collected in the low-level atmospheric boundary layer in five hurricanes by the National Oceanographic and Atmospheric Administration (NOAA) research aircraft are analyzed to measure turbulence with scales smaller enough to retrieve the rate of dissipation. A total of 49 flux runs suitable for analysis are identified in the atmospheric boundary layer within 200 m above the sea surface. Momentum fluxes are directly determined using the eddy correlation method, and drag coefficients are also calculated. The dissipative heating is estimated using two different methods, one by integrating the rate of dissipation in the surface layer, and the other by multiplying the drag coefficient by the cubic of surface wind speed. While the latter method has been widely used in theoretical models as well as several numerical models simulating hurricanes, our analyses show that using this method would significantly overestimate the magnitude of dissipative heating. Although the data set used in this study are limited by the surface wind speed range < 30 m s -1 , this work highlights that it is crucial to understand the physical processes related to dissipative heating in the hurricane boundary layer while implementing it into hurricane models.
Introduction
Dissipative heating has been pointed out by Bister and Emanuel (1998) in an idealized numerical study to be a significant source of energy for hurricane development and intensification, thus is very important for the hurricane intensity theory. After this work, there have been several studies investigating the influence of dissipative heating on hurricane intensity. Zhang and Altshuler (1999) included dissipative heating in their simulation of Hurricane Andrew (1992) using the Fifth-Generation National Center for Atmospheric Research / Penn State Mesoscale Model (MM5), and showed that the simulated hurricane intensity in terms of surface maximum wind speed is 10% higher than that without dissipative heating. Dissipative heating has also been included in other models such as the Triply Nested Movable Mesh Primitive Equation model (Wang 2001 ) and the Operational Geophysical Fluid Dynamics Laboratory (GFDL) model (Bender et al. 2007) . Recently, Jin et al. (2009) investigated the impact of dissipative heating on the tropical cyclone intensity forecasts using the U.S. Navy's operational mesoscale model -the Coupled Ocean/Atmosphere Mesoscale Prediction System (COAMPS),
with a large number of simulations of 18 different storms. They concluded that the model skill is significantly improved in terms of intensity although there is no significant change for the track forecasts, when dissipative heating is included in the simulations. Businger and Businger (2001) have investigated the dissipative heating derived from the turbulent kinetic energy (TKE) budget equation and found that the energy due to the dissipative heating is dramatically high when pre-2003 bulk parameterization of drag coefficient is used in which the drag coefficient (C D ) increases linearly with the surface wind speed. Consistent with Bister and Emanuel (1998) , they pointed out that the layer-integrated dissipative heating is a cubic function of the wind speed. They also suggested the dissipative energy to be included in numerical weather prediction models, particularly in models that resolve mesoscale structure in storms.
However, until now there is little observational study that gave estimate of the magnitude of dissipative heating in the hurricane boundary layer, which in part is due to the lack of direct measurement of turbulence. This study presents data collected in the low-level atmospheric boundary layer of 5 hurricanes that were collected during the Coupled Boundary Layer Air-Sea
Transfer (CBLAST) -Hurricane experiment. Dissipative heating is estimated by integrating the rate of dissipation over the lowest 200 m above the sea surface, and is compared to that estimated according to theory as a function of the cubic of surface wind speed. The theory of deriving the dissipative heating is given in the following section which is followed by the section describing the data and analysis method. The results of data analysis are presented in section 4. Summary and discussion are given in Section 5.
Theory
Through Reynolds average, the turbulent kinetic energy budget equation can be developed from the momentum equation by partitioning the flow into the mean and perturbation components. The turbulent kinetic energy budget can be given by . On the right hand side, the first and second terms together are the shear production, the third term and fourth terms together are the buoyancy production, the fifth term is the turbulent transport of TKE, the sixth term is the pressure transport, and the last term is the rate of dissipation. Shear production usually correlates with the rate of dissipation in the atmospheric boundary layer if they are the dominant source or sink terms in the TKE budget.
While most of the energy goes to ocean through wave breaking, the rest of the kinetic energy turns to the heating part (Businger and Businger 2001) .
The dissipative heating (DH) can be estimated by integrating the rate of dissipation in the surface layer, and can be expressed by
where z 1 is the depth of the surface layer, and ε is the average of the dissipation rate over the surface layer. Hereafter, we call Eq. (2) the integration method, which depends on direct measurements of turbulence data from which the rate of dissipation is estimated. Note that the integration method should give the nature of dissipative heating.
Under low wind conditions, the TKE budget equation is usually simplified to be the balance between the shear production term and the dissipation term at the high end of the turbulence spectrum (i.e., Wyngaard and Cote´ 1971, Businger and Businger 2001) , and can be written as
According to Monin-Obukhov similarity theory (Monin and Obukhov 1954) , shear production can be estimated using the friction velocity and Eq. (3) may be written as
where u * is the friction velocity, κ is the Von Kármán costant and κ = 0.4. Over the depth of the surface layer z 1 , the power produced per unit area or dissipative heating can be expressed by
where 0 z is the surface roughness.
Again, based on the Monin-Obukhov similarity theory, the wind speed in the neutral surface layer can be written as
Furthermore, the friction velocity can be related to the wind speed U by
Combining Eqs. (2), (5), (6) and (7), the dissipative heating in the surface layer becomes
Because Eq. (8) is derived from the surface layer theory, we call it the theoretical method hereafter. All the variables in Eqs. (2) and (8) can be measured using the CBLAST data which are described below.
Data and analysis method
The data used in this study were from the CBLAST experiment that was carried out during the Atlantic hurricane seasons of 2002 and 2004 , Zhang et al. 2008 . One of the important parts of CBLAST is that turbulence measurements were conducted by a specially instrumented NOAA WP-3D Orion aircraft (N43RF, hereafter referred to as NOAA43) in the atmospheric boundary layer of hurricanes. In this study, three-dimensional wind vector was measured using the fuselage-mounted Rosemount 858Y sensors for attack and sideslip angles, During CBLAST, a stepped-descent module was designed to study boundary layer processes, which includes a series of legs roughly 30 km in length at altitudes from 800 m to as low as 60 m above the sea surface. Due to safety constraint, stepped descents were conducted in clear air regions between rainbands or away from rainbands in no rain or light rain conditions.
Detailed flight patterns during CBLAST can be referred to Black et al. (2007) and Drennan et al. 
where u α is the one-dimensional Kolmogorov constant, U a is the true air speed relative to the aircraft which has an order of around 110 m s -1 , and uu S is the power-spectral density of the horizontal along-wind velocity, f is the frequency. In this study, we conservatively use u α =0.5
following Sreenivasan (1995) .
Momentum fluxes are computed through the eddy correlation method in the form of
where ρ is the air density. The friction velocity is defined as 
Data analysis results
The data coverage of this study in terms of aircraft altitudes as a function of surface wind speeds are summarized in Fig. 5 . As mentioned earlier, only data collected below 200 m above the sea surface were analyzed to estimate the rate of dissipation, drag coefficient and dissipative heating. Table 1 Values of the rate of dissipation were determined from each of the individual u spectrum for each flux run following Eq. (9). The rate of dissipation as a function of surface wind speed for all the flux runs is depicted in Fig. 6 , indicating that it increases with the increasing wind speed. When the shear production and the rate of dissipation in the atmospheric boundary layer are the dominant source or sink terms in the TKE budget, they usually correlates with each other.
Th is is true in the hurricane boundary layer studied here, as illustrated in Fig. 7 that the shear production also increases as wind speeds increase. A comparison between the shear production and the rate of dissipation shown in less than the hurricane-force threshold of 33 m s -1 obtained using laboratory tank measurements by Donelan et al. (2004) and much smaller than the threshold obtained using GPS dropsonde measurements by Powell et al. (2003) . A detailed comparison between the CBLAST drag coefficients and those from previous studies has been given by French et al. (2007) and Black et al. (2007) . Here, developing a new formula of drag coefficient as a function of surface wind speed is not the focus of this paper.
Dissipative heating are estimated using the two methods according to Eqs. (2) and (8), respectively. Note that a surface layer height of 200 m is assumed when the dissipative heating is estimated using the integration method. Traditionally, a surface layer height is usually defined as the 10% of the boundary layer height. Given that there is no consensus on the definition of the hurricane boundary layer height (Moss 1978 , Anthes and Chang, 1978 , Powell 1990a , b, Kepert 2001 , Montgomery et al. 2001 , Powell et al. 2003 , Nolan et al. 2009a , b, Smith et al. 2009 ), we use 200 m as the top of the surface layer to maximize the estimate of dissipative heating while using the integration method. A statistical analysis (t-test) of the slope of the rate of dissipation in the lower 200 m indicates that there is no significant dependence of it on the altitude, with 95% confidence. Thus, the measured rate of dissipation is taken to the mean value of the surface layer. Figure 10 depicts that the dissipative heating estimated using the above mentioned two methods as a function of surface wind speed. It appears that they increase with the increasing wind speed, confirming that more energy due to dissipation are added into the atmosphere at higher wind speeds, which is consistent with the results from previous studies (i.e., Businger and Businger, 2001) . Figure 11 show comparisons between the dissipative heating estimated using the two methods, demonstrating that the dissipative heating estimated based on the theoretical method is nearly 3 times larger than that estimated based on the integration method, according to the best fit of the data. A statistical analysis with t-test gives a p-value of 2.6 x 10 -10 , confirming that there is a significant difference between the dissipative heating estimated using these two methods.
Summary and discussion
In this paper, the dissipative heating has been estimated using two different methods, one by integrating the directly measured rate of dissipation in the lowest 200 m above the sea surface, the other same as used in theoretical and numerical models that the dissipative heating is a function of the cubic of surface wind speed related to the drag coefficient. The dissipative heating estimated using the theoretical method is found to be significantly higher than that estimated using the integration method which may represent the truth. The overestimation of dissipative heating by the theoretical method is around a factor of 3 according to the CBLAST data, at least for surface wind speeds < 30 m s -1 . Thus, it is crucial to understand the physical processes associated with dissipative heating while implementing it into hurricane models.
Under moderate wind condition where surface wind speeds are between 10 and 20 m s -1 , there is a balance between the shear production and the rate of dissipation in the TKE budget, which is consistent with the theory from previous studies. However, at higher wind speeds, there is an imbalance between these two terms, implying a disagreement between the observation and the theory. Because the rate of dissipation mostly dominates the shear production, setting the rate of dissipation equal to the shear production in the integration method would underestimate the dissipative heating, which further highlights the overestimation of the theoretical method.
Both the energy budget study of the atmospheric boundary layer in Tropical Cyclone Kerry (1995) by Black and Holland (1995) , and that in Hurricane Bonnie (1998) by Wroe and Barnes (2003) showed that either a downward energy flux of 100 Wm -2 near the top of the boundary layer or the same amount of energy from dissipative heating or sea spray are required to balance the budget. The above energy budget studies were conducted mainly outside the eyewall region, which is similar to the conditions studied here. However, our analyses show that the dissipative heating estimated using the directly measured rate of dissipation is mainly less than 20 Wm -2 for the surface layer between the rainbands. This is actually consistent with the traditional air-sea interaction view that most the energy is dissipated by molecular processes into the ocean waves, while only a small part of energy will go back to the atmosphere through dissipative heating.
Considering that the sea pray effects on the enthalpy transfer are relatively small according to the humidity flux data concurrently collected during CBLAST ), we speculate that entrainment processes near the top of the boundary layer may be more important for closing the energy budget.
One of the limitations of this study is that the data presented are within surface wind speeds under hurricane force. At higher wind speed, the sea state is much more complicated than the low wind case as the sea surface is covered with more sea spray which effluences the enthalpy flux transfer and hurricane intensity (Andreas and Emanuel 2001, Andreas 2009 ). When sea spray occurs, the evaporation of spray would cool the sea surface and counteracts the dissipative heating. On the other hand, the dissipative heating would enhance the evaporation of sea spray, which complicates the whole problem (Zhang and Altshuler 1999) . Turbulence data along with concurrent sea spray data in the surface layer of hurricanes are needed at even higher winds, in order to fully understand the role of dissipative heating, requiring a dedicated field program that may rely on new turbulence and sea spray sensors onboard of unmanned aircraft or remotely operated platforms. 
